TR RK

$10% B33 - 19904 9H

wE IR
pp 1~6 —

SN WRFHTEE U HR0 cHEt BE AHERYES] @A

Application of Response Spectrum Method to a Bridge subjected to Multiple
Support Excitation
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Abstract

The dynamic behaviour of a four—span continuous girder railway bridge subjected to
multiple support excitations is investigated using the response spectrum method. Small—
amplitude oscillations and linear —elastic material behaviour are assumed. Soil —structure
interaction effects are disregarded and only the out—of —plane response of the bridge is co-
nsidered. The results of the response spectrum analysis are compared with those from a
time history analysis. Different combination rules for the superposition of modal maxima as
well as supports are employed, such as square—root —of —sum —squares, double sum and p—

norm methods.

INTROOUCTION

In the earthquake analysis of structures it is
usually assumed that the ground motion is the
same at all supports. However, this assumption
Is not justified for long structures like bridges,

because observations have shown. the earth-

quake ground motion can vary considerably
within relatively small distances. It is also clear,
that non—uniform support movements can
cause quasi—static distortions and secondary
forces in statically indeterminate bridges and
that they may have an important influence on

the dynamic response.
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The earthquake analysis of structures can be
carried out economically by the response spec-
trum method, however, for the analysis of the
dynamic response due to multiple support
excitation, wind loading on structures, etc., the
conventional response spectrum method cannot
be used. Therefore, the objective of this paper is
to investigate the applicability of a modified re-
sponse spectrum method for bridges subjected
to non-uniform support excitation. Multiple
support excitation problems can be analysed ac-
curately in the time domain, however, a re-
sponse spectrum analysis is preferred, firstly,
because of its computational economy and, sec-
ondly, because the earthquake ground motion is
normally defined in terms of a response spec-
trum rather than an accelerogram. Also, the
selection of adequate support accelerograms at
a given bridge site is often a rather difficult
task.

METHODOL OGY

Assumptions and structura model : A four—
span prestressed concrete box girder bridge, as
shown in Fig. 1, has been chosen for the dy-
namic analysis.

In the present study only the out—of —plane
respanse of the bridge is considered. The lowest
eigenfrequency of long continuous = girder
bridges supported by slender columns is gener-
ally associated with an out—of —plane mode of
vibration. In addition, bridge structures are rela-
tively weak in transverse direction, because the
lateral loads (wind, earthquake) are much
smaller than the vertical ones due to dead load
and traffic. Therefore, an SH—wave propa-
gating along the bridge axis is expected to
cause the most critical earthquake effect on the
superstructure. The bridge is mode lled by finite
elements (beam elenents) with the element
masses concentrated at the nodal points. Soil—
structure interaction effects are disregarded.

Small — amplitude oscillations and linear — elas
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Fig.1 Four-—span continuous girder railway bridge.

tic linear—elastic material behaviour are
assumed. Proportional damping is assumed with
a damping ratio of 2% for all modes of vi-
bration.

Equations of motion: The equations of motion of
a multi—degree —of —~{reedom oscillator with s
supports, each of them subjected to a different

excitation, can be taken as follows [2, 3, 4] :
MU+CU+KU=-M 2 rllei() (1)

where M, C and K are the mass, damping and
stiffness matrices respectively; Ugi(t) is the
ground acceleration of the i—th support; and U
is a vector of dynamic nodal point displace-
ments relative to the pseudo—static displace-
ments (u,) caused in the bridge due to support
movements, i.e. the total displacement can be
expressed as !

u(t) =g(t)+g_s(t)=g(t)+§ rigi(t) (2)

in which the influence vector r; is identical to
the displacement of the bridge due to a unit
movement of the i—th bridge support ugi=1.
Once the displacement time history is known,
the element forces can be calculated. In accord-
ance with eq.(2), they contain a dynamic and a
pseudo—static component. In the subesquent
part, however, only the dynamic effect is taken
into account. For example, in the case of a uni-
form excitation of all supports the pseudo—
static response is identical to a rigid body dis-
placement, which does not produce any member
forces.

Modelling of earthquake ground motion: The peak
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Fig. 2 Envelopes of support design response spectra
for 2% damping [5].
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ground acceleration, velocity and displacement
at the site were estimated as 0.3 g, 17.7 om/s
and 13.9 em respectively. Two smooth design re-
sponse spectra after Newmark and Hall were
constructed, using mean and mean plus one—
sigma response amplification factors respect-
ively and damping ratio of 2%{5]. For all five
supports, different response spectra were then
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constructed in such a way that the individual
specira lay between the mean and mean plus
one —sigmé spectra, as shown in Fig. 2 For the
time history analysis:independent speectrum —
compatible accelerograms were generated ar-
tifically for each support, each of them with a
peak acceleration of 0.3g(Fig.. 3) It should be
pointed out that the acceleration time history af-
fects the dynamic response, eq.(1), whereas the
displacement time history governs the pseudo~
static response, eq. (2).
Dynamic analysis : Two types of earthquake
analyses were carried out using the computer
program SAPIV [1]:
(1) exact time history analysis for multiple sup-
port excitation;and

(i) multiple support response spectrum analy-

sis,
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Fig. 4 Out—of —plane modes of bridge.



Only the dynamic respones due to out—of —
plane excitations was investigated. The finite
element model of the bridge comprised 44 dy-
namic degrees of freedom and 6 modes were
found to be appropriate for the response spec-
trum analysis.

The eigenfrequenencies of the first six out—
of —plane modes obtained from an eigen value
analysis vary between 1.87 to 7.16 Hz (Fig. 4)
Response spectrum analysis : The modal maxima
obtained by the different response spectra of all
bridge supports can be combined as follows
[6]:

(1) Square —root —of —sum—squares  rule

(SRSS)
M
RF[Z}[ RZ,]I/Z (3)
=
Where R, and R; are the total response and
the maximum response of mode j respect-
ively, and M is the number of modes.
(i1) P—norm rule (PN)

R=[Z | Ry #)
&
(ii1) Double sum rule (DS)
M M
Raz[é'l 2::[ EkeRkRe]UZ (5)

(P=1) (4)

With ={1+[

Pres et
o=w[1—8]
&= &+ 2/ (tawy)

where w, and ¢, are the circular frequency and
damping ratio of the k—th mode respectively,
and tq is the duration of the earthquake.

Different rules can be used, firstly, to com-
bine the modal maxima due to the movement of
one particular support and, secondly, to combine
the effects of all supports. Modal maxima and
support excitations are assumed to be statisti-
cally independent in the the case of the SRSS
and PN methods. The DS rule, however, takes
into account correlation between modes.
DISCUSSION OF RESULTS

The bridge shown in Fig. 1 was analyzed by

two methods, first, by a time history analysis
using
celerograms and, second, by the response spec-

independent spectrum—compatible ac-

trum method. The results of the exact time his-

tory analysis for the two cases of non—uniform

and uniform (accelerogram according to mean

plus one—sigma spectrum) support excitation,

using the response spectrum method, the follow-

ing combination rules were compared :

—SRSS(A) : SRSS for combination of sup-

ports and modes;

—DSC (A) : SRSS for combination of sup-
ports and DS for modes;

—PN1 (A) : PN (p=1.8) for combination of
supports and modes; and

—PN2 (A) : PN (p=2.2) for combination of

supports and modes.
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Fig. 5 Results of time history analysis with non-form
and unifoum support excitations (V:shear, M:
bending moment, T :torsional moment, 8:out of
—plane displacement).
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Fig. 6 Comparison of resuits of response spectrum
analysis with exact solution (M : bending mo-
ment; T : torsional moment; & . out—of —plane

displacement).

In addition, for the case of a uniform ground
excitation with mean plus one—sigma spectrum
(Fig. 2), the total response using the SRSS me
thods with the exact time history solution for
non—uniform support excitation are shown in
Fig. 6 We can note from this figure and Table 1
that cosiderable deviations occur. The exact re-
sponse can either be overestimated or under-
estimated. For design purposes, however, a me-
thod is required which exceeds the exact re-
sponse. We can also notice from Fig. 5 and 6
that the response due to a uniform excitation
deviates considerably from that due to multiple
support excitation. It must be added, that the

pseudo — static response cannot be dealt with in
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a response spectrum analysis. Such effects must

be analyzed separately and then supperimposed

with the dynamic response.

Table 1 Absolute maximun relative errors of differ-
ent combination rules{error in % of maximum
time history response).

Description | SRSS(A) |DSC{A)|PNI(A)| PN(2) | SRSS
Deflection 13.0 26.5 | 22.5 | 14.0 | 1411
Shear force 19.1 21.3 | 342 | 17.1 | 64.2
Bending 18.8 30.3 | 34.7 | 241 | 733
moment

Torsional 10.2 26.1 | 234 | 139 | 62.2
moment

CONCLUSIONS

1. Considerably smaller absolute maximum dy-
namic responses (bending, shear, torsion, de-
flection) are predicted for a bridge subjected
to non—uniform support excitation than for
uniform support excilation.

2. The square—root — of — sum — squares, double
sum and p—norm combination rules provide
acceptable results for multiple support
excitation, however, there are limitations
with respect to accuracy.

3. For a conservative design a combination me-
thod has to be selected, in which the re-
sponse of time history analysis(exact sol-
ution) s exceeded.
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